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ABSTRACT  
The kinetics of CH2OO reaction with ozone has been studied by monitoring CH2OO with time-
resolved infrared (IR) absorption spectroscopy, which utilized fast chirped IR pulse train from a 
quantum cascade laser [J. Chem. Phys., 2017, 146, 244302]. CH2OO was prepared by 
photolyzing a gas mixture of CH2I2/O2/O3 at 352 nm; the photolysis wavelength was chosen to 
minimize the photodissociation of O3. The measured rate coefficient at 298 K and 30 Torr is 
(6.7±0.5)×10−14 cm3sec−1, independent of pressure from 30 to 100 Torr. The result indicates that 
previous ab initio calculations either underestimated or overestimated this reaction rate by one 
order of magnitude or more. The result also implies that in laboratory studies of ozonolysis of 
alkenes, the reaction of Criegee intermediate with ozone may play a role. However, this reaction 
would not compete with other CH2OO sinks in the atmosphere.  
KEYWORDS: Criegee intermediates; ozone; atmospheric chemistry; transient absorption; 
infrared absorption; rate coefficients 
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Introduction 
In the atmosphere, ozonolysis of alkenes produces highly reactive Criegee intermediates 
(CIs).1–4 The produced CIs may have excess internal energy and undergo unimolecular processes, 
such as isomerization or decomposition to form OH radicals; some of the CIs may be 
collisionally stabilized and then may react with other atmospheric species. In laboratory studies 
of ozonolysis, direct detection of CIs is difficult due to low steady-state concentrations. Direct 
spectroscopic and kinetic studies of CIs only became feasible after the work by Welz et al.,5 
which demonstrated the efficient preparation of the simplest CI, CH2OO, via the reaction of CH2I 
+ O2 → CH2OO + I. Many recent studies on prototypical CIs have found that CIs play an 
important role in atmospheric chemistry, including formation of OH radicals6–9 and oxidation of 
atmospheric species, like SO2, NO2, organic and inorganic acids, alkenes, and water vapor.5,10–31 
The reactions of CIs may produce radicals or low-volatility organic species, which are key 
components in the formation of secondary organic aerosols.32  
 
The reactions of O3 with CIs are potentially important in both laboratory and atmospheric 
studies. For example, Novelli et al.7 have considered that the main loss paths of CIs in their 
ozonolysis experiments are unimolecular decomposition and reaction with ozone at early 
reaction times, whereas reaction with organic peroxy radicals, alcohols, aldehydes and organic 
peroxides become more important at later reaction times. However, to the best of our knowledge, 
there is no direct measurement on the rates of ozone reaction with CIs, while there have been a 
few theoretical works.33–36 For CH2OO, Kjaergaard et al.33 calculated its reaction with O3 by 
using CCSD(T)//B3LYP level of theory and predicted the formation of a cycloaddition 
intermediate through a significant barrier, yielding small rate coefficients ranging from 4.0×10−16 
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to 1.2×10−18 cm3 sec−1. Wei et al.34 also investigated the reaction mechanism by using 
CCSD(T)//B3LYP level of theory, but they did not report any rate coefficient. Vereecken et 
al.35,36 calculated this reaction by using CCSD(T)//M06-2X level of theory, predicting that 
CH2OO and O3 will firstly form a prereactive complex without a barrier before passing a 
submerged chain-addition transition state; they predicted a larger rate coefficient of 4×10−13 cm3 
sec−1. It appears that it is not easy to accurately estimate the rate coefficient with present quantum 
chemistry approaches. Nonetheless, all the theoretical studies predicted CH2O + 2O2 as the final 
products.33–36 
	  
Recently, we have developed a high-resolution mid-infrared quantum cascade laser (QCL) 
spectrometer, and utilized it to study the spectrum of the ν4 band of CH2OO.37 In this work, we 
used the QCL spectrometer to study the kinetics of CH2OO reaction with O3. This method has 
the following advantages: (1) avoiding byproduct interferences and baseline drifting by probing 
narrow spectral lines, (2) high sensitivity due to narrow laser linewidth and long optical path 
length, (3) long CH2OO lifetimes (up to 14 ms) due to low required concentration of CH2OO, 
and (4) efficient data acquisition using fast chirped pulse train of QCL. 
 
Experimental methods 
Most of the experimental procedures have been described in our previous work.37 Thus only a 
brief description is provided here. CH2OO was prepared in a flow cell following the well-
established method of CH2I2/O2 photolysis:5 CH2I2 (1–7 mTorr) mixed with O2 (30 or 100 Torr) 
was photolyzed by an unfocused excimer laser beam at 352 nm (laser fluence: (1.3–4.4)×1016 
photon cm−2). We chose this photolysis wavelength (instead of 248 or 308 nm) to minimize the 
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effect of O3 photolysis (cross section of O3 ≈ 1.0×10−22 cm2 at 352 nm, probability of photolysis ≤ 
4.4×10−6 at ≤ 4.4×1016 photon cm−2). The O3 gas was synthesized by using a commercial ozone 
generator, collected by adsorption on silica gel at the dry-ice temperature, and further purified by 
condensation in a stainless steel cylinder at the liquid-nitrogen temperature, following the 
procedures described in our previous work.38 The O3 concentration was measured via its UV 
absorption by using an absorption cell with a path length of 5 cm, a Deuterium lamp 
(Hamamatsu, L10671D), and a spectrometer (Ocean Optics, USB2000+UV-VIS-ES), right 
before the O3 gas entering the reactor cell. The flow rates of the used gases were controlled by 
mass flow controllers (Brooks, 5850E).  
 
We used a distributed-feedback quantum cascade laser (Alpes Lasers, CW-DFB-QCL) as a 
coherent IR source to probe CH2OO. The laser was driven by an intermittent CW driver (Alpes 
Lasers), powered by a DC-power supply (HAMEG Instruments, HMP2020). Its frequency 
coverage is 1279–1290 cm−1 and the practical spectral linewidth is about 0.002 cm−1 with a peak 
power over 10 mW. The temperature of the laser was controlled by a TEC cooling element 
inside the laser housing and a temperature controller. The laser was operated in pulse-mode with 
a period of 18 μs or 120 μs and 40% duty cycle (7 μs or 48 μs pulse duration). In each laser 
pulse, the laser frequency was down-chirped (1286.1–1285.5 cm−1 in 48 μs). During the 
experiment, the IR chirped pulses were repeatedly scanned through the Q branch of the ν4 
fundamental band as shown in Figure 1. The lifetime of CH2OO in our experiments was in the 
millisecond time scale, much longer than the IR pulse period. Thus, for a single photolysis event, 
we could obtain a full time profile of CH2OO from probing its transitions with the IR pulse train. 
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Our reactor cell was a glass tube (inner diameter 19 mm) with BaF2 windows at both ends, 
which were purged with N2. The photolysis excimer laser beam (352nm, repetition rate 1 Hz) 
was combined with the IR probe beam and introduced into the flow cell by a high reflective BaF2 
mirror at 352 nm (Eksma Optics, custom item).  A BaF2 right-angle prism and a concave 
aluminium mirror (Edmund Optics, part # 43549) were placed before and after the flow cell, 
such that the probe IR beam was reflected back-and-forth between the two optics, creating a long 
overlap with the UV photolysis volume up to 3.9 meters (6 passes though the cell with an 
effective sample length of 65 cm). After leaving the multi-pass cell, the IR probe beam was 
guided to a HgCdTe (MCT) detector (Kolmar Technologies, KMPV11-1-J2), and the UV 
photolysis laser beam was reflected away by another BaF2 high reflective mirror. Each 
photolysis pulse was synchronized with the rising edge of one of the IR probe pulses by using a 
delay generator (SRS, DG535). The calibration of the IR laser wavelength was carried out by 
measuring a reference gas spectrum (3 Torr N2O) and an etalon signal (Ge etalon 3" in length, 
Free Spectral Range = 0.0163 cm−1). The IR pulse train signals from the DC outputs of all MCT 
detectors were acquired by an oscilloscope (LeCroy, HDO4034, 12-bit vertical resolution) at a 
sampling rate of 1.25GS/s. For each [CH2OO] time profile measurement, we averaged the data 
for 100 UV laser shots to improve the signal-to-noise ratio.  
 
Finally, we also utilized a UV transient absorption spectrometer to roughly estimate the 
absolute values of [CH2OO] under the experimental conditions of this work. A LED 
(Hamamatsu, LC-L2) with an emission profile centered at 365 nm was used as the probe light 
source. The probe light was projected into the flow cell by a convex lens, and then it was 
reflected once by the concave mirror to achieve two passes through the cell. After leaving the 
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flow cell, the remained probe light was guided to a balanced photodiode detector (Thorlab, 
PDB450A). The rest of experimental configurations were the same as those described above. 
Since the system was not optimized for the UV detection, the uncertainty in the absolute values 
of [CH2OO] would be a bit larger than those of our previous works.12	  
 
Figure 1. Examples of transient IR absorption spectra of CH2OO at different O3 concentrations 
at 30 Torr total pressure. The peaks correspond to the Q branch of the ν4 fundamental band of 
CH2OO. The K number is assigned to each (partially) resolved sub-band. The photolysis-probe 
delay time is 2.4 ms in this example. See Table S1 (expt. 1) for details of the experimental 
conditions.  
Results and discussion 
Figure 1 shows selected transient IR absorption spectra of CH2OO at representative O3 
concentrations. The transient absorption means the change in IR absorption intensity with respect 
to that before the UV photolysis. In this example, the results at a photolysis-probe delay time of 
2.4 ms are shown. As mentioned in Experimental methods, the spectral range corresponds to the 
Q branch of the ν4 fundamental band of CH2OO.37 Note that each of the peaks between 1285.9 
8
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and 1285.7 cm−1 corresponds to congested transitions from the same K levels (from K = 3 to 8), 
while the broad feature peaked at 1285.62 cm−1 is the perturbed transitions of higher K levels.37 
See Ref. 37 for detailed spectroscopic assignments and perturbation analysis. When increasing 
the O3 concentration, the CH2OO signal decreases accordingly, suggesting CH2OO is consumed 
by its reaction with O3. The decay trends of these peaks are similar, indicating no rotational 
dependence. 
 
 
Figure 2. Representative time profiles of [CH2OO] at various [O3] at 30 Torr and 298 K. Each 
data point (symbol) is the integrated intensity of the highest peak (1285.71−1285.74 cm−1) of the 
Q branch of the CH2OO ν4 band (see Figure 1) probed by each IR pulse. The lines are single-
exponential fit to the data. See Table S1 (expt. 11) for details of the experimental conditions. 
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Figure 2 shows a few time profiles of [CH2OO] at various [O3]. The increasing decay rates at 
higher [O3] indicate CH2OO reacts with O3. The following reactions are involved in the 
formation and decay of CH2OO in our CH2I2/O2/O3 photolysis system:12  
CH2I2 + hν (352 nm) → CH2I + I 
CH2I + O2 → CH2OO + I 
CH2OO → products    kfirst 
CH2OO + O3 → products   kO3 
CH2OO + I → products   kI 
CH2OO + CH2OO → products  kself 
The pulse width of the photolysis laser was only 20 ns. Under our experimental conditions, 
very high O2 concentrations (30 Torr or more) were used, leading to fast conversion of CH2I to 
CH2OO (~1 μs). Thus, we neglect the time of CH2OO formation in our kinetic analysis.   
 
In our first attempt of data analysis, we described the measured time profile of CH2OO as: 
 [CH2OO](t) = [CH2OO]0 exp(−keff t)        (1) − d[CH2OO]d! = 𝑘eff CH2OO = (𝑘! + 𝑘O3 O3 )[CH2OO]             (2) 
Where keff is the observed 1st-order rate coefficient of CH2OO decay, kO3 is the bimolecular rate 
coefficient for the reaction of CH2OO with O3 and k0 is the decay rate coefficient of CH2OO 
without O3, which may include the contributions from first-order loss kfirst (mostly wall loss), 
self-reaction (kself), and reaction with other radicals (mostly iodine atoms, represented by kI).  
k0 ≅ kfirst + kI[I] + 2kself[CH2OO]                              (3) 
Solid lines in Figure 2 are the fits to the transient absorption time profiles with Equation (1), 
yielding keff and [CH2OO]0. As mentioned in our previous work,37 we also measured the UV 
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absorbance of CH2OO at 365 nm (where the absolute UV cross section is known)39 under similar 
experimental conditions, which allows us to roughly estimate the absolute value of [CH2OO] in 
the IR experiments.   
 
Figure 3 plots the value of keff as a function of [O3] at 30 Torr and 298 K, and the solid lines are 
linear fits to the data points (except those at [O3]=0). At low [CH2OO]0 (≈2.4×1011 cm−3, Figure 
3(a)), keff shows a linear relationship with [O3], as expected from Equation (2). The slope 
(6.50×10−14 cm3 sec−1) should correspond to a measured value for kO3. To our surprise, at higher 
[CH2OO]0 (for example, Figure 3(b)), while keff still shows a linear function of [O3] for [O3]>0, 
this linear line does not go through the data points at [O3]=0. Nonetheless, the keff as a function of 
[O3] all exhibit a consistent slope for [O3]>0. The detailed values are listed in Table S1 in the 
column of kO3. The averaged value (with one-sigma error bar) of the slope is (6.72±0.46)×10−14 
cm3 sec−1. 
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Figure 3. Effective first-order rate coefficient of CH2OO decay, keff, as a function of [O3] for 
[CH2OO]0 = (a) 2.4×1011 cm−3 (expt. 11) and (b) 2.1×1012 cm−3 (expt. 9). The error bars are 1σ 
uncertainties from the fitting of the [CH2OO] time profiles. The red line is a linear fit to keff 
excluding the data at [O3] = 0 (see text for details). The slope of the red line corresponds to the 
second-order rate coefficient of CH2OO + O3 reaction. 
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To investigate the possible source that causes the difference between the intercept value (kincpt) 
of keff (obtained from the linear fit of keff as a function of [O3] for [O3]>0) and the measured k0 (keff 
at [O3]=0), we have performed several checking experiments as described below. First, one may 
wonder whether the O atoms from O3 photodissociation affect the measurements or not. To 
check this, we measured keff at different 352 nm laser fluences (by a factor of 2.8, which varied 
[O] by the same factor) and obtained very similar results (see Figure S1), indicating no O3 
photochemistry involved. As mentioned in Experimental methods, the probability of O3 
photolysis is less than 4.4×10−6, thus the upper limit of [O] can be estimated to be 
(4.4×10−6)(2×1016 cm−3) = 9×1010 cm−3. The rate of CH2OO reaction with O atom is not known 
yet. If we assume every collision between CH2OO and O atom leads to reaction (the collision-
limit), the rate coefficient would be about 3×10−10 cm3 sec−1,40 and the effect of the O atoms on 
the CH2OO decay is still small (< 27 sec−1 in keff).  
	  
Because we synthesized and purified the O3 gas by ourselves, one may worry about its purity. 
The typical lifetime of our O3 gas (stored in a stainless steel cylinder at the dry-ice temperature) 
is more than 20 hours. To check the effect of the impurity, we deliberately warmed up the O3 gas 
to room temperature and waited until all O3 molecules had decomposed (~70 hours, verified with 
UV absorption). We called this gas “decomposed O3” which would contain a similar or higher 
level of impurity, compared to that of our fresh O3 gas. The results are shown in Figure S3. The 
“decomposed O3” gas does not change keff at all, indicating the impurity in our O3 gas has 
negligible effect.       
	  
As shown in Figure 3, the difference between kincpt and k0 is more significant at higher 
[CH2OO]0. We found this difference, kincpt − k0, is proportional to [CH2OO]0 as shown in Figure 
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S4. This observation gave us an idea that the chemistry may involve I atoms, of which the 
concentration is proportional to [CH2OO]0 in our preparation method. Thus, we propose the 
following reactions should also be involved when O3 is present: 
O3 + I → IO + O2       kI+O3 
CH2OO + IO → products (possibly CH2O + OIO)   kIO 
The reaction of I atom with O3 has been well studied; the literature value of kI+O3 is 
(1.28±0.06)×10−12 cm3 sec−1.41 The lowest [O3] in our experiment is at least 1.6×1015 cm−3. Thus, I 
atoms would be quickly converted into IO due to the fast reaction rate (kI+O3[O3] > 2000 s−1), 
which is much faster than the reaction of CH2OO with O3 in our experiments. Since [O3] >> [I], 
the amount of IO is mainly controlled by the initial amount of I atoms, which is proportional to 
[CH2OO]0. Therefore, we may modify Equation (3) to Equation (4) for a better approximation of 
kincpt.  
kincpt  ≅ kfirst + kI[I] + 2kself[CH2OO] + kIO[IO]      (4) 
And mass balance gives    
[I]0 = [I] + [IO] ≅ 2[CH2OO]0        (5) 
If kIO is larger than kI, we would have larger kincpt when O3 is present.  
We have also determined kincpt and k0 at various [CH2OO]0 (see Table S1). Note that when O3 is 
present, the maximum concentration of IO is also controlled by [CH2OO]0, [IO]max ≅ [I]0 ≅ 
2[CH2OO]0. Therefore the difference between kincpt and k0 would become: 
kincpt − k0 ≅ (kIO − kI) [I]0 ≅ 2(kIO − kI) [CH2OO]0.      (6) 
As a result, the slope (~ 1.31×10−10 cm3 sec−1) in Figure S4 provides an estimate for 2(kIO − kI). 
Assuming kI = 9.15×10−11 cm3 sec−1,12 the value of kIO is estimated to be on the order of 10−10 cm3 
sec−1. Examples of kinetic simulation of the time profiles of the involved species can be found in 
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the Supplementary Information (Figures S5 to S8). In the simulation, a value of 1.5×10−10 cm3 
sec−1 of kIO (k10 in Supplementary Information, which uses different notations for the rate 
coefficients) gives satisfactory fits to the experimental data. 
 
In brief summary, we have tested a few crucial experimental conditions. The results enable us 
to exclude the possibility of interferences which are originated from the photolysis of O3 and the 
impurity in our O3 gas. In our system, I atoms would be quickly converted into IO when O3 is 
present; the side-reaction of CH2OO + I would be shifted to the reaction of CH2OO + IO and thus, 
changed the value of kincpt. For [O3] > 1.6×1015 cm−3, all the observed data of keff are linear with 
[O3] with a slope of (6.72±0.46)×10−14 cm3 sec−1, which corresponds to the bimolecular rate 
coefficient of CH2OO reaction with O3. Finally, we found the kinetics at 100 Torr total pressure 
is very similar to that at 30 Torr (Figure S2), indicating weak pressure dependence in this 
pressure range.       
	  
As described in Introduction, the mechanism of this reaction and the rate coefficient have been 
predicted by Kjaergaard et al.33 and Vereecken et al.35,36 Our measured rate coefficient is more 
close to that from Vereecken et al., 4×10−13 cm3 sec−1, which has the uncertainty of at least 1 
order of magnitude.35,36 WHILE	  O3	   IS	  isoelectronic with CH2OO, the self-reaction rate of CH2OO 
(~8×10−11 cm3sec−1)12 is at least 10 orders of magnitude larger than that of O3. The reaction rate of 
CH2OO and O3 is somehow in between these two limiting cases. While the zwitterionic character 
of CH2OO leads to a pure attractive cycloaddition in its self-reaction,13,35 the interaction between 
CH2OO and O3 would lead to the formation of a pre-reactive complex instead, which has a 
barrier for either subsequent chain addition or cycloaddition, according to the predictions by 
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Vereecken et al.35,36 A further clarification of the reaction mechanism via either theory or 
experiment is still required.	  
 
Finally, in our future work we would like to clarify the reaction mechanism via examining the 
reaction products. Theoretical works have predicted that CH2O and O2 are the final products of 
this reaction. We plan to utilize our QCL spectrometer to probe CH2O created from the reactions, 
while a new QCL with a spectral range dedicated to detecting CH2O will be required. Vereecken 
et al.35,36 further predicted that the oxygen atom in the product CH2O is purely from O3, while the 
two oxygen atoms from CH2OO are released as O2. However, the cycloaddition mechanism 
predicted by Kjaergaard et al.33 would lead to a 1:1 ratio of oxygen atoms of CH2O originating 
from CH2OO or O3.36 To verify these predictions, our future works will also be isotopic labelling 
experiments and the IR identifications of isotope-substituted CH2O. 
	  
Conclusions 
In summary, we investigated the kinetic of CH2OO reaction with O3 at 298 K and 30 Torr by 
using a high resolution mid-infrared quantum cascade laser spectrometer. No pressure 
dependence was observed from 30 to 100 Torr. Different from other reactant molecules like H2O, 
SO2, NO2, and organic/inorganic acids, ozone would react with I atoms to form IO, an 
unavoidable reaction in the current kinetic system. Based on our experimental observations, we 
suggest that CH2OO should react quickly with IO. Fortunately, the amount of IO is controlled by 
the initial amount of I atoms under our experimental conditions where [O3] >> [I]. Thus, the 
kinetics of the CH2OO decay is still pseudo-1st-order and the observed keff is linear to [O3] for 
[O3]>0.   
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The measured rate coefficient of CH2OO reaction with O3 is (6.72±0.46)×10−14 cm3 sec−1. This 
value differs from the predicted values in the literature by one order of magnitude or more, 
suggesting the need of multireference treatment for the quantum chemistry calculations. While 
theory has made good predictions or estimations for a number of reaction rates of Criegee 
intermediates with water, H2S and some other molecules,24 it seems still tricky to calculate the 
rate of CH2OO reaction with O3. We hope the measured results of the present work could benefit 
future theoretical calculations for this reaction. 
 
This measurement also indicates that the reaction of CH2OO with O3 should play a role in 
laboratory studies of ozonolysis, where the early-time decay of CH2OO may be controlled by its 
reactions with O3 and with the used alkene molecules. The rate coefficients of CH2OO reactions 
with simple alkenes have been reported by Buras et al.14 to be 2×10−15 to 11×10−15 cm3 sec−1, 
which are smaller than that for the O3 reaction. As a result, if one wish to produce a higher 
steady-state concentration of CH2OO in ozonolysis experiments, an ozone concentration lower 
than that of alkene may be desired to slow down the decay of CH2OO due to its reaction with O3. 
For an ozonolysis study with 1 ppm of O3, the effective decay rate of CH2OO by O3 is about 2 s−1, 
which is slightly larger than the thermal decomposition rate of CH2OO (0.2 s-1).42 On the other 
hand, the reaction of CH2OO with atmospheric ozone is relatively slower (~ 0.17 s−1 for 100 
ppbv O3) than other CH2OO sinks, such as the reaction with water dimer (> 1000 s−1),17 in the 
atmosphere. 
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